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SWITCH MODE POWER SUPPLY WITH REDUCED SWITCHING LOSSES 



5 Cross-Reference to Related Application : 

This application is a continuation of copending International 
Application No. PCT/DE99/02874 , filed September 10, 1999, 
which designated the United States. 



f 10 Background of the Invention : 

Field of the Invention : 
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f >L j The present invention relates to a switch mode power supply 
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ifl having a switching transistor with reduced switching losses. 
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I:*. -j_5 The term "switch mode power supply" is intended to cover all 
j"* types of forward converters, flyback converters, half -bridge 
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and full -bridge converters as well as step-up and step-down 
controllers, such as those used in power supply units, lamp 
ballasts, welding converters or RF converters. 
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For some time now, there has been an increasing trend toward 
system miniaturization and toward increasing the power density 
in components. It can be expected that this tendency in power 
electronics will also be continued in the future. This trend 
2 5 is associated with a development toward even higher switching 
frequencies, since this is the only way in which passive 



components can also be miniaturized in a corresponding manner. 
Furthermore, particularly in the case of industrial 

generators, power switching transistors in switch mode power 

supplies are starting to run into frequency bands that have 

5 been reserved for electron tubes for a long time. That is to 
say, for example, frequency bands up to what is referred to as 
the "ISM" frequency of 13.56 MHz . 



As the switching frequency rises, the switching losses in 
10 switching "transistors become increasingly important. Roughly 



p speaking, these switching losses can be split into three 
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(a) losses in the switching transistor, which are caused by 



y 

v 15 external, generally parasitic, or non-ideal circuit elements 



and which could not be avoided even using "ideal" switching 
transistors; 



(b) losses in the switching transistor resulting from an 

2 0 overlapping phase of the current and voltage during the actual 
switching process; and 

(c) • losses in the switching transistor resulting from the 
discharging of the switch's own capacitances during the 

25 switching-on process. 



The switching losses mentioned in item (a) above and which can 
scarcely be influenced by the switching transistor itself are 
reduced or are entirely avoided at the moment at high 
switching frequencies by using special components, such as 
Schottky diodes, or by selecting circuit topologies without 
any critical commutation processes, such as resonant 
converters. Losses such as these also include, for example, 
the power loss caused by the recovery charge when the current 
is actively switched off by pn-diodes. 

The other switching losses, as mentioned in items (b) and (c) 
above, can be influenced significantly by the characteristics 
of the switching transistor and its actuation. For example, 
the current -voltage overlap losses are dependent to a major 
extent on the duration of the switching process itself. 

For illustrative purposes, Fig. 2a shows the profiles of the 
drain current I d and of the drain- source voltage Uds of a 
MOSFET power switch 1 (see Fig. 1) as an example of a 
switching transistor when an inductive load 2 is being 
'Switched off. A switching process with a switching time T 
starts with a decrease in the control gate voltage V gs , as a 
result of which the resistance of the power switch 1 rises. 
However, the inductive load 2 forces the current Id to continue 
to flow, with the consequence that the drain-source voltage U ds 
also rises with the resistance, until the full load current Id 



can be carried by another circuit path, for example, a free 
wheeling diode 3. This means that, throughout the entire phase 
in which the voltage Ud S across the power switch 1 is rising, 
the full load current Id is still flowing via the power switch 
1. The area 6 under the product of the switch current and 
voltage (shown shaded) corresponds to the switching energy 
loss produced in the power switch 1. Although this area can be 
reduced by shortening the switching time T it cannot, however, 
be reduced to zero in practice. 

Because of the high gate charge of present-day power switches, 
in particular MOSFETs, high switching speeds demand very high 
driver currents, so that reducing the switching times T 
frequently runs into limits just for cost reasons. 

A capacitor 4 with an external capacitance C ex t is therefore 
provided in parallel with the power switch 1 to relieve the 
switching-of f load. Consideration has also already been given 
to use the MOSFET 1 s own output capacitance for reducing the 
switching load (see B. Carsten: "FET selection and driving 
considerations for zero switching loss and low EMI in HF 
"Thyristor dual" power converters", Power Conversion 1996, 
Conference Proceedings 5/96, pages 91-102) . 

As can be seen from Fig. 2(b), the capacitor 4 with the 
capacitance C ex t slows down the rise in the voltage Ud S - At the 



same time, two current paths are produced, with a current I C h 
via the channel of the MOSFET which forms the power switch, 
and a current via the capacitor 4 . Since the current I ch can 
now be switched off very quickly - without causing any rise in 
the drain-source voltage U ds (no "Miller" effect, see the gate- 
drain capacitance C gd in Fig. 1), the overlapping area of the 
current I ch and the drain- source voltage U ds , and thus the 
switching-of f energy loss (see the area 6) can be reduced 
virtually indefinitely . 

However, circuitry such as this is suitable only for circuits 
in which the power switch is switched on at zero voltage (zero 
voltage switching ZVS) , since, otherwise, the losses are just 
moved from the switching-of f to the switching-on process. 
Specifically, when switching on at a time when voltage is 
present, the energy stored in the external capacitor 4 and the 
energy stored in the output capacitance are converted into 
heat losses in the power switch 1 [see the shaded area 5 in 
Figs. 2b and 2c, which corresponds to the time integral of the 
product of the voltage U ds and the current ( I OS s) * (c ex t) / where 
loss = output current and C 03 s = C gd + C ds ] . The vast majority of 
standard circuits have to be switched on when the voltage is 
present, however. In this situation, until now, it has been 
possible to achieve switching-of f load relief only by using 
complex circuitry, which in general, also produces losses for 
the power switch or switching transistor. 



No satisfactory solution has yet been found to avoid the above 
switching losses . 

Summary of the Invention : 

It is accordingly an object of the invention to provide a 
switch mode power supply having a switching transistor which 
overcomes the above-mentioned disadvantageous of the prior art 
apparatus of this general type, and which, in particular, is 
distinguished by drastically reduced switching losses. 

With the foregoing and other objects in view there is 
provided, in accordance with the invention, 
A switch mode power supply that includes a switching 
transistor having a load path formed by a first main 
connection and a second main connection. The first main 
connection and the second main connection are provided for 
receiving a voltage applied thereto. The switching transistor 
includes a semiconductor body with a semiconductor layer of a 
first conductance type forming a drift area. A load is 
connected in series with the load path of the switching 
transistor. A continuous drain region of a second conductance 
type is incorporated into the drift area and is connected to 
the first main connection. A continuous source region of the 
second conductance type is incorporated into the drift area 
and is connected to the second main connection. A reverse- 



biased pn- junction is produced by an interaction between the 
semiconductor body and the continuous drain region and between 
the semiconductor body and the continuous source region. The 
reverse-biased pn-junction has a large inner voltage-dependent 
surface area that is variable as a function of the voltage 
applied to the first main connection and the second main 
connection. When the voltage applied is 10 V, the switching 
transistor is characterized by a first product of a switch-on 
resistance R on and a gate charge Q gt ot/ the first product given 

by: Ron * Qgtot/ 10 V < 2.5 ns . When the voltage applied is 400 
V, the switching transistor is characterized by a second 
product of the switch-on resistance R on and the energy E dg 
stored in a drain- source capacitance, the second product given 

by Ron * E d3 < 1.6 V 2 \xs . 

In other words, the switch mode power supply has a switching 
transistor with a first and a second main connection forming a 
load path. A load is connected in series with the load path of 
the switching transistor. The switching transistor has a 
semiconductor body with a semiconductor layer of the first 
conductance type into which continuous regions of the second 
conductance type are incorporated which, interacting with the 
semiconductor body at the reverse-biased pn-junction which is 
formed, create a large inner, voltage -dependent surface area. 



The surface area is varied as a function of a voltage applied 
to the main connections. 

In accordance with an added feature of the invention, the 
switching transistor is in the form of a MOSFET. The output 
capacitance values for low drain- source voltages (for example 
less than 45 V for high-voltage MOSFETs) are very high, with 
this capacitance decreasing, as the drain-source voltage 
rises, to values which are so low that the energy stored in 
the transistor assumes very low values. 

In accordance with an additional feature of the invention, the 
voltage -dependent surface area of the pn-junction is reduced 
as the voltage applied is increased. 

In accordance with another feature of the invention, an amount 
of charge in the switching transistor, which is calculated via 
a line integral along a line at right angles to the pn- 
junction, remains below a material-specific breakdown charge. 

In accordance with- a further feature of the invention, the 
continuous drain region of the second conductance type and the 
continuous source region of the second conductance type are 
configured in a structure selected from the group consisting 
of a vertical structure and a lateral structure. 




In accordance with a concomitant feature of the invention, a 
charge storage device is connected in parallel with the load 
path of the switching transistor. 
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Other features which are considered as characteristic for the 
invention are set forth in the appended claims. 



Although the invention is illustrated and described herein as 
embodied in a switch mode power supply with reduced switching 
''SI 10 losses, it is nevertheless not intended to be limited to the 



details shown, since various modifications and structural 
changes may be made therein without departing from the spirit 



In of the invention and within the scope and range of equivalents 



P of the claims. 

I. J 



The construction and method of operation of the invention, 
however, together with additional objects and advantages 
thereof will be best understood from the following description 
of specific embodiments when read in connection with the 
2 0 accompanying drawings. 



Brief Description of the Drawings : 

Fig. 1 shows a basic functional unit of a switch mode power 
supply; 
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Figs. 2a and 2B show current and voltage profiles for existing 
switch mode power supplies; 



Fig. 2C shows current and voltage profiles for the inventive 
5 switch mode power supply disclosed herein; 
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Fig. 3 shows a section through a MOSFET that can be used for 
the inventive switch mode power supply; 



''1 10 Figs. 4a to 4c show possible layouts for the MOSFET shown in 



1-3 Fig. 3; 



(,n Fig. 5 shows the profile of the drain- source capacitance Cd S as 



a function of the drain-source voltage U ds for a standard 
15 MOSFET and for the inventive switching transistor; and 



Figs. 6a to 6c show a plan view through a MOSFET which can be 
used for the inventive switch mode power supply and in which 
the reverse-biased pn- junction is shown for various voltages. 



Description of the Preferred Embodiments : 

Referring now to the figures of the drawing in detail and 
first, particularly, to Fig. 1 thereof, there is schematically 
shown the basic structure of a switch mode power supply 
2 5 (without the capacitor 4 and the free wheeling diode 3) with a 
power switch 1 that is designed according to the invention and 
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that is in the form of a MOSFET with, for example, an 
inductive load 2 is connected in series. 

In order to reduce the switching losses in comparison to the 
prior art, the MOSFET of the power switch 1 specifically has 
the following characteristics: 

(a) low gate charge for a high switching speed with a low 
driver power; 

(b) low energy content in the output capacitance for low 
switching-on losses; and 

(c) "no-loss" delay of the voltage rise after switching off. 

None of the currently available power switches can satisfy the 
characteristics (b) and (c) at the same time. However, this 
can actually be achieved by the present invention since, as is 
shown in Fig. 2c, the switching transistor or power switch 1 
has an extremely non-linear profile of the drain-source 
capacitance C ds • Very high values for C ds for low drain-source 
voltages Uds result in the desired delay of the voltage rise 
after switching off the MOSFET channel . The load current thus 
changes from initially being the channel current I C h to being 
the charge current of the output capacitance C oss . The delay in 
the voltage rise also makes it possible to achieve virtually 



zero-loss switching-of f with a finite driver power and thus a 
finite switching-of f rate. 



In the switching transistor according to the invention, the 
5 drain- source capacitance C dg falls very rapidly to very low 

values as the drain- source value Ud S rises, so that the energy 
stored in the drain- source capacitance Cd S : 
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E ds (C/ max ) = f ~" C A (U)U-dU (equation 1 ) 



for the envisaged operating voltage remains less than with 
conventional MOSFETs . In this way, not only are the switching- 
off losses reduced, but also the switching-on losses when 



-J switching with voltage applied. In the case of tuned circuits, 

v 



..y 15 the small amount of energy in the drain- source capacitance Cd 



3 



of the power switch in the switching transistor according to 
the invention advantageously reduces the commutation energy 
required for zero voltage switching. 



20 In comparison with present-day MOSFETs, a transistor with 

optimized power losses has particularly low products of the 
switch-on resistance Rdx(on) and the gate charge Qgtot/ and also 
of the switch-on resistance and stored energy Eds, and in 
consequence, achieves extraordinarily low switching losses. 

25 For example, for 600 V MOSFETs, the product R on * E ds (400 V) is 
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preferably < 1.6 V 2 jus and the product R on * Q gt ot (10 V) /10 V is 

preferably < 2.5 ns . The bracketed expressions (400 V) etc. 
indicate the applied voltages. 

The extremely non-linear capacitance profile of the power 
switch 1 furthermore leads to a soft switching edge, which has 
few harmonics and is advantageous from the EMC point of view. 
As illustrated in Fig. 2c, the switching edge is 
advantageously "rounded" but is not excessively extended, as 
would be the case if a discrete capacitor (curve 7) or a 
conventional MOSFET with a high output capacitance (curve 8) 
were to be used. Lengthening of the switching edges in general 
limits the minimum duty ratio, and in consequence leads to 
problems in the system during low-load operation. 

The stated non-linear capacitance profile can be noticed 
particularly advantageously in bridge circuits since in this 
case - because of the very high capacitance values for low 
drain- source voltages - both the lower and the upper "corner" 
of the voltage edge are rounded. 

To a first approximation, the output capacitance C oss 
corresponds to the capacitances C ds and C gd connected in 
parallel. In this case, C g d should remain as low as possible in 
order to minimize the reaction ("Miller" effect). 
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The desired high value of the drain- source capacitance Cd S can 
be achieved in a power switch by deliberately increasing the 
surface area of the reverse-biased pn-junction. Technically 
5 speaking, structures such as this can be produced by 

inserting, for example, the p-conductive regions in the n- 
conductive drift path of the semiconductor power switch. The 
reverse-biased pn-junction must in this case have a continuous 
inner surface area, that is to say all of the p-regions must 
10 be conductively connected to one another. The majority of the 
output capacitance in such a configuration results from the 



drain-source capacitance. In order to keep the amount of 
Epj energy stored in the power switch as low as possible, the 
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p output capacitance must assume very low values at high 



I-* 15 voltages, as shown in Equation 1. 
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In MOSFETs, there is admittedly a capacitance reduction, which 
is inversely proportional to the square root of the drain- 
source voltage Ud S and reflects the increase (when considered 
20 in one dimension) in the width of the space-charge zone. 



However, it is necessary to reduce the surface area of the 
reverse-biased pn-junction as the voltage rises if a 
considerably more rapid reduction in the drain-source 
2 5 capacitance C ds is to be achieved. If the doping and dimensions 
of the p-regions incorporated in the drift zone are 
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dimensioned such that their charge is depleted by the opposite 
charge of the surrounding semiconductor material by transverse 
electrical fields at low voltages, then this results in a 
rapid reduction in the surface area as the voltage rises. The 
dimensioning must in this case be such that the line integral 
of the doping of the p-regions at right angles to its surface 
remains below the material -specific breakdown charge. The 
depletion voltage in this case becomes less, the shorter the 
distances between the semiconductor regions of opposite 
conductance type . 

The above condition does not demand complete compensation for 
the basic material, and in fact, the principle also operates 
with incomplete compensation. In the event of 
overcompensation, on the other hand, an additional vertical 
electrical field is required in order to deplete the p- 
regions . The steep drop in the drawin-source capacitance is 
thus moved to higher voltages. 

The abovementioned principle can likewise be used in the field 
of low blocking-capability transistors. 

Fig. 3 now shows the inventive MOSFET which can be used as a 
power switch in a switch mode power supply. 




A silicon semiconductor layer 10, which is, for example, 
between 4 and 50 jam thick is located on an n + -doped silicon 
semiconductor substrate 9. A p"-conductive source zone 11 and a 
p"-conductive drain zone 12, which each have a penetration 

5 depth of about 2 \im, are embedded in the silicon semiconductor 
layer 10. Underneath the source zone 11 and drain zone 12, a 
p-conductive region 13 or 14, respectively, with a penetration 
depth of 4 to 4 0 mm is formed, so that it ends at a distance 
of about 1 to 10 mm from the semiconductor substrate 9. The 
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1 10 higher values above apply to high-voltage components, while 
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p the lower values are appropriate for low-voltage components. 
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^ Another gate electrode 15 is provided between the source and 
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drain zones 11 and 12, respectively. 
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| iA The indicated conductance types can, of course, also in each 

case be reversed. It is also possible to use lateral 
structures instead of vertical structures. 



20 Figs. 4A to 4C show further possible structures for the p- 

conductive regions 13 and 14: these are finely structured and 
are each composed of, for example, narrow plates (Fig. 4A) 
which may be continuous in a meandering shape; columns 
configured in a square or hexagon (Fig. 4B) ; or leaf -shaped 



configurations configured in squares or hexagons (Fig. 4C) , 
which are connected to one another via a common electrode. 

The configuration of n-conductive continuous regions 14 in a 
p-conductive semiconductor layer 10 is shown in a plan view in 
Figs. 6A to 6C. 

In the exemplary embodiments, the regions 13, 14 are in the 
form of strips. The MOSFET is shown laterally in the 
illustration. The reference numeral 12 denotes the drain zone, 
and the reference numeral 11 denotes the source zone. The gate 
electrode 15 is indicated by dashed lines. The n-conductive 
regions 14 are incorporated in the p-conductive semiconductor 
layer 10. The profile of the space-charge zone for various 
drain- source voltages is also shown in Figs. 6A to 6C. The 
higher the drain-source voltage, the broader is the space- 
charge zone. In consequence, the surface area of the reverse - 
biased pn- junction is reduced as the voltage rises. 

The invention makes it possible to produce a switch mode power 
supply with reduced switching losses using a MOSFET power 
switch 1. The output capacitance C ds of the MOSFET power switch 
1 falls quickly to low values as a function of the drain- 
source voltage U dS/ such that a load current I d applied to the 
MOSFET power switch 1 changes from initially being the channel 



current of the MOSFET power switch 1 to being the charge 
current of the output capacitance C oss . 

Fig. 5 shows the considerable advantages which can be achieved 
with the present invention, using an example of a 600 V 
switching transistor with an active chip area of 20 mm 2 (190 

m£2) : at low drain-source voltages Uds, below about 40 V, the 

drain-source capacitance is considerably greater (see curve B) 
than with the prior art (see curve A) while, at higher drain- 
source voltages, the drain- source capacitance of the switching 
transistor according to the invention is considerably less 
than the corresponding values for the existing transistor. 
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